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The time evolution of quantum many-body systems is one of the least understood
frontiers of physics. The most curious feature of such dynamics is, generically, the
growth of quantum entanglement with time to an amount proportional to the system
size (volume law) even when the interactions are local. This phenomenon, unobserved
to date, has great ramifications for fundamental issues such as thermalisation and black-
hole formation, while its optimisation clearly has an impact on technology (e.g., for
on-chip quantum networking). Here we use an integrated photonic chip to simulate the
dynamics of a spin chain, a canonical many-body system. A digital approach is used to
engineer the evolution so as to maximise the generation of entanglement. The resulting
volume law growth of entanglement is certified by constructing a second chip, which
simultaneously measures the entanglement between multiple distant pairs of simulated
spins. This is the first experimental verification of the volume law and opens up the
use of photonic circuits as a unique tool for the optimisation of quantum devices.
The universal features of quantum many-body dynam-
ics remain poorly understood sparing the glimpses pro-
vided by a small set of solvable models1. This is largely
because a classical computer fails to keep track of the ex-
tensive growth of quantum entanglement in typical cases.
One way for enhancing our understanding of such dy-
namics is to mimic it with another, more controllable
“quantum” system – a quantum simulator, as suggested
by Feynman2. It is then imperative that a true quan-
tum simulator platform, which eventually aims to out-
perform classical computers, should be able to capture
the extensive growth of entanglement in a many-body
simulation. For example, a sudden global change of a
many-body Hamiltonian (a quantum quench) can induce
a dynamics that ultimately entangles two complemen-
tary parts of the system by an amount proportional to
their size (a volume law)3–6. This quench induced en-
tanglement growth is a phenomenon of pivotal impor-
tance, as it not only underpins the ubiquitous process
of thermalisation4,7, but, through a holographic corre-
spondence, the dynamical formation of black holes in
space-time8,9. Despite the recent remarkable measure-
ments of entanglement10 and its “propagation”11–13 due
to quenches in atomic/ionic many-body simulators, the
key feature of entanglement growth in proportion to sys-
tem size remains unverified. Although this verification,
for fundamental reasons, is surely one of the next big
aims of atomic/ionic simulators as mentioned in Ref.10,
the feat is, nonetheless, yet to be achieved.
Verification of the volume law is not only of funda-
mental importance. If the entanglement growth can be
controlled and optimised, it could unlock the potential
of many-body systems as on-chip entanglers for quan-
tum networking6,14. The same high degree of control
also enables its usage as ballistic quantum wires15–19 and
computers20. This degree of control in entanglement gen-
eration is yet to be achieved in any quantum simulator.
Photonic circuits have been used for realising
varied phenomena such as bosonic and fermionic
quantum walks21,22, quantum-classical differences in
complexity23–26, quantum chemistry27 and localization
in transport28. The ground states of some few-body
spin systems29–31, as well as some analogues of quantum
state transfer (QST) through spin chains using coherent
optics32,33, have been realised in photonics. In this arti-
cle, we report two firsts in the general area of quantum
simulation of many-body dynamics. Using the photonic
circuits we (i) verify the generation of extensive (volume
law) entanglement from the dynamics of a spin chain, a
canonical many-body system, following a quench, and (ii)
demonstrate an exquisite control and optimisation of the
generated entanglement, as necessary for building future
devices.
Our achievements are made possible by engineering
two novel photonic chips: (a) the quantum transport
chip and (b) the entanglement characterization chip. The
first chip is designed to implement a spin chain dynam-
ics which generates, multiple entangled pairs of distant
“simulated” spins. This pattern greatly facilitates the de-
tection of entanglement and its volume law distribution
after dynamics. Entanglement, however, is a notoriously
difficult entity to detect even for single pairs and require
local measurements in at least two non-commuting bases.
Thus we design the second chip which directly interferes
distant output modes of the first chip to make entangle-
ment detection feasible through photon counting. This
ar
X
iv
:1
60
3.
02
66
9v
1 
 [q
ua
nt-
ph
]  
8 M
ar 
20
16
2Perfect state transfer in a Spin Chain
Simulation with a M step discrete-time quantum walk
t = t⇤t = 0
1 2 3 4 5 1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
=
=
encoding
Entanglement in a Spin Chain
Néel state:| #"#"#i
H, t⇤
H, 2t⇤
t = 2t⇤
| +1,5i
| +2,4i
FIG. 1. Quantum simulation of spin chain dynamics and the entanglement growth therein in photonic platforms. Fermions
simulated on the network map, via the Jordan-Wigner transformation, to spin excitations in a chain: occupied and unoccupied
modes correspond respectively to spin up and spin down. The couplings of the effective spin chain Hamiltonian are so engineered
as to generate, starting from a Ne´el state, at a time t∗, a state with maximal entanglement between distant symmetric sites
with respect to the center of the chain. |ψ+i,j〉 stands for a maximally entangled state of spins in sites i and j. This rainbow state
exhibits a volume law entanglement in which the entanglement between the left and the right halves of the chain is ∼ N/2.
The time evolution is approximated through a set of discrete steps (a digital approach). If the dynamics was continued up to
time 2t∗, it would implement an approximately perfect QST.
second chip will have a versatile application as a detec-
tor of entanglement from the outputs of any other future
chips that implement other (generic) spin chain dynam-
ics.
THEORY
Through our quantum transport chip, we simulate the
dynamics induced by a “quantum quench” – a process
in which the interactions inside a many-body system are
suddenly changed. Let us consider preparing initially
the famous Ne´el state |ψNeel〉 = | ↓↑↓ ... ↑↓〉 of simulated
spins, which is the ground state of the antiferromagnetic
Ising chain and manifestly has no entanglement between
any pairs of spins (the whole state is a separable state).
In a condensed matter scenario, this state would be pre-
pared by cooling under a Ising Hamiltonian. In photonic
technology, we simply inject our apparatus with a sim-
ulated Ne´el state as to be described later. Immediately
following the injection, the state starts evolving in accor-
dance to the Hamiltonian simulated by our chip. This
corresponds to the archetypical (perhaps the most exten-
sively theoretically studied) spin chain quench6,14,34,35 in
which the system Hamiltonian is suddenly changed from
the Ising model to the XY model
H =
N−1∑
i=1
1
2
Ji(XiXi+1 + YiYi+1) (1)
where Xi, Yi represent the Pauli matrices for the spin in
the site i and N is the length of the chain. Further, the
photonics platform enables us to set the Ji =
√
i(N − i)
(which has not yet been feasible in the atomic/ionic plat-
forms for quench). Then one generates, after a rele-
vant time t∗, a remarkable pattern of nested entangled
states6,36, also dubbed as “rainbow states”37 (cf Fig.1):
|ψv.l.〉 = |ψ+1,N 〉|ψ+2,N−1〉... (2)
where |ψ+i,j〉 = 1√2 (| ↑i↓j〉 + | ↓i↑j〉). This state corre-
sponds to a “volume law” for entanglement as the num-
ber of entangled pairs is ∼ N/2 (exactly N/2 for even
N and (N − 1)/2 for the odd N). In other words, the
amount of entanglement between the left and the right
halves of the spin chain generated due to the quench dy-
namics scales as the size ∼ N/2 of each part. Even more
strikingly, it corresponds to the maximal entropy of en-
tanglement, a much discussed quantity in recent theory
and experiment10, between the left and the right blocks
of the spin chain. Remarkably, at time 2t∗ the system im-
plements a perfect QST16 and thus returns to its original
separable state.
Our simulation technique combines three princi-
pal ingredients. Firstly, using the Jordan-Wigner
transformation1,3,6,14 it is possible to map spin excita-
tions in a chain with nearest-neighbour interactions onto
non-interacting fermions hopping in a lattice (hence the
name quantum transport chip). Secondly, fermionic be-
haviour can be simulated in photonic platforms using
two-photon entangled states with antisymmetric wave-
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FIG. 2. a. Representation of the experimental apparatus comprised of the first quantum transport chip and the second
entanglement characterisation chip. The insets highlight the specific elements and the three dimensional geometry of the
photonic devices. b. Schematisation of the quantum transport device of the first chip showing in green the directional couplers
of the bulk (with transmissivity Tbulk = 0.36) and in red those at the edge (with transmissivity T end = 0.25) of the device. c.
Schematic representation of the entanglement characterisation device of the second chip, showing the dynamic phase controls
φ2 and φ5 acting on the 2
nd and 5th waveguides and the 50/50 beam splitters between the (2,4) and (1,5) pairs of modes. The
3rd waveguide (in grey) is not involved in any interference processes.
functions; this has already been exploited for simulat-
ing several phenomena, such as Bosonic-Fermionic con-
tinuous transition21,22, Anderson localisation28 and Fano
interference effect in quantum decay38. Third is the
fact that while the spin chain dynamics maps effec-
tively to a continuous time quantum walk of multi-
ple fermions it can be simulated via discrete quantum
walks in the weak transmission limit39. Discrete quan-
tum walks provide more accurate control over the im-
plemented Hamiltonian40 due to the additional degree
of freedom given by the coin operator. An N -sites con-
tinuous quantum walk with site-to-site coupling Ji can
be simulated by a photonic network constituted by M
layers of beamsplitters in cascade (see Fig. 1) with
transmissivities Ti = sin
2(Ji), where the scaling fac-
tor  = N+1M =
2t∗
M should be small to be in the weak
transmission limit, which means that the approximation
will be more accurate with a larger number of steps. In
essence, this third ingredient is thus a digital approach
to quantum simulations as recently undertaken in super-
conducting networks41. Further details on the theoretical
model are provided in the Supplementary Information.
EXPERIMENTS
In our work, the quantum transport chip is a 5-sites, 6-
steps integrated interferometer with engineered couplings
for approximating the dynamical generation of the rain-
bow state of Eq. (2) which displays the volume law. We
studied the evolution of a two-particle fermionic states
(equivalent to the Ne´el state of a 5 site antiferromag-
net) and its bosonic counterpart, analysing the different
statistics at the output and confirming the prediction for
creation of the rainbow pattern of entanglement in the
fermionic case. This has been possible by merging sev-
eral experimental techniques, such as entanglement gen-
eration in bulk optics, state propagation in polarisation-
insensitive integrated circuits, and entanglement analysis
in a 3D tuneable integrated circuit.
4Optical Circuits Fabrication. The Quantum Transport
Chip (QTC) consists of 5 waveguides that form a series
of cascaded directional couplers (Fig. 2a). Each waveg-
uide represents a spin particle and the directional cou-
plers operate as the integrated equivalent of beam split-
ters discretising the interactions between the spins. The
presence of a photon in one waveguide encodes the spin
state | ↑〉 while the absence of a photon represents | ↓〉.
In order to properly reproduce the discrete time quan-
tum state transfer it is required to use two different trans-
mission values, T bulk = 0.36 and T end = 0.25, for the
internal and the external beam splitters respectively (see
Fig. 2b and Supplementary Information). This can be
achieved by increasing the separation between the two
waveguides in the interaction region of the external cou-
plers.
The spin chain will be initiated using two photons pre-
pared in a polarisation entangled state (see below). The
chip needs to be polarisation insensitive so that the po-
larisation encoding does not directly affect the propaga-
tion of the two-photon state. By fabricating the couplers
in a tilted geometry the transmissivity is equal for both
horizontal and vertical polarisation21.
The Entanglement Characterisation Chip (ECC) is a
device designed to collect and interfere the outgoing sig-
nals from the QTC, allowing the evaluation of the entan-
glement that is generated in the latter (as seen in Fig.
2a). It consists of two polarisation insensitive directional
couplers formed by waveguides 1-5 & 2-4 that collect and
interfere the corresponding outputs from the first device,
and two heating elements fabricated over waveguides 2
and 5 in order to scan the interference fringes by modu-
lating the phase (Fig. 2c)42,43.
The ECC adopts a fully three-dimensional design. The
waveguides start at a shallow depth of 25 µm on the
collection side so the heating elements will operate effi-
ciently. Then they go deeper at 65 µm to form the cou-
plers without any physical crossing of the waveguides (see
Fig. 2a inset). The central waveguide is not interacting
with any other one.
Measurements and Results. The simulation of the spin
chain dynamics on the photonic platform has been per-
formed by exploiting polarisation-entangled pairs of pho-
tons, generated by type-II parametric downconversion
process in a BBO (beta barium borate) crystal. The
general expression for the state of the generated pho-
tons can be written as |Ψχ2p〉 = 2−1/2(|HV 〉+ eıχ|V H〉),
where the subscript 2p indicates a two-photon state.
The phase parameter χ can be controlled by means of
an electrically configurable liquid crystal positioned on
one of the two photon paths. Thus both bosonic and
fermionic statistics can be simulated by using the Bell
states |Ψ+2p〉 and |Ψ−2p〉 respectively for their symmetric
and anti-symmetric wavefunctions21,44.
The Ne´el state | ↓↑↓↑↓〉 of the spin chain was simu-
lated by injecting the polarisation-entangled state |Ψ−2p〉
in the inputs 2 and 4 of the QTC (see Fig. 2a-b) through
a single mode fiber array and, after evolution into the
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FIG. 3. a-b. Experimental results of the correlation func-
tion, Γ˜ij , for bosonic and fermionic transport. c-d. Theo-
retical prediction for the correlation function, for bosonic and
fermionic transport obtained from the unitary matrix U of
the transport device.
interferometers, photons are collected via a multimode
fiber array and sent to single photon avalanche photo-
diodes (APDs). At the output we collect coincidence
measurements from all pairs of outputs to measure the
off-diagonal elements (outputs i 6= j); for the diagonal
contributions (outputs i = j) an in-fiber beam-splitter is
inserted in each single output mode. The same experi-
ment is also performed with |Ψ+2p〉 to capture the distinc-
tive features of bosonic and fermionic dynamics on the
QTC.
In the limit of a QTC with an infinite number of steps,
one would expect a perfect generation of the entangled
state of the form (2) exhibiting the volume law at t∗. A
device with 6 steps (whose unitary we denote U), when
injected with a Ne´el state, would give unbalanced |ψ+〉
states at symmetric sites (see below). Finally, one has
to take into account imperfections of the implemented
unitary, by considering also the possible slight difference
when acting on photons with different polarisations (U˜H
and U˜V ).
As a first step, tomographic reconstruction of the uni-
tary transformation matrix has been performed for both
polarisations H and V, which gave fidelities with respect
to the expected unitary of FH = 0.962 ± 0.001 and
FV = 0.977 ± 0.002, proving the high quality and the
polarisation independence of the device (see Supplemen-
tary Information for more details on the unitary charac-
terisation).
The results of the quantum dynamics are shown in Fig.
53 for both bosonic and fermionic behavior, where the ex-
perimental (Γ˜
B/F
ij ) and theoretical (Γ
B/F
ij , calculated from
the 6-steps unitary U) correlation functions45,46 are re-
ported. The output probabilities detected experimen-
tally are related to the correlation function by the equa-
tions Γ˜ii = Pii and Γ˜ij =
Pij
2 , due to the symmetrisation
of the correlation function matrix.
From the results shown in Fig. 3 one can observe
the different bosonic and fermionic evolution: for states
which are symmetric with respect to particle exchange,
the bosonic distribution has a strong contribution on the
diagonal terms of the matrix, which is a clear sign of the
bosonic coalescence; for the anti-symmetric state, the re-
sulting fermionic evolution gives strong contributions on
the off-diagonal terms of the matrix.
Each experimental distribution is compared to its the-
oretical prediction through the measurement of the sim-
ilarity, with results for the bosonic and fermionic trans-
port of SB = 0.942± 0.005 and SF = 0.836± 0.004.
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FIG. 4. Interference fringes for S2 (blue points) and S4 (red
points) as a function of the dissipated heat on mode 2 (pro-
portional to φ2). b. Interference fringes for S1 (blue points)
and S5 (red points) as a function of the dissipated heat on
mode 5 (proportional to φ5). In both sub-panels a and b,
solid lines and shaded areas represent respectively the best
fit curves and fit curve error, while the dashed lines corre-
sponds to theoretical predictions. c. Green bars: two-photon
probability distribution obtained at the output of the second
chip, when the polarisation-entangled anti-symmetric state is
injected into input 2 and 4 of the first chip. The distribu-
tion is obtained for values of the two phases which maximise
P ′25; blue bars: theoretical predictions. All theoretical models
are obtained taking into account the reconstructed matrices
of the first chip (U˜H and U˜V ) and the coupling efficiencies
at the interface between the two devices (see Supplementary
Information).
Entanglement Certification. The time evolution of the
state |Ψ−2p〉24 (which simulates the Ne´el state) through
an effective Hamiltonian of the form (1) acting on sim-
ulated spins gives a state equal to |ψ+1p〉15|ψ+1p〉24|0〉3
at time t∗, where |ψ+1p〉ij denotes the one-photon path-
encoded Bell state |ψ+〉 over the modes i and j47. This
state simulates the volume law entangled state |ψv.l.〉
of Eq.(2). As we perform the evolution with a finite
number of steps, we get a state of the form |ψout〉 =
(α|10〉15 + β|01〉15)(γ|10〉24 + δ|01〉24)|0〉3. The imbal-
ance between α and β and between γ and δ, which can
be observed in Fig. 3, comes from the fact that a finite
number of discrete step is an approximation of a per-
fect state transfer. To check the coherence between the
terms |10〉ij and |01〉ij , a phase shift and a beamsplitter
transformation over the modes i and j can be applied,
where (i, j) = (1, 5) and (2, 4). This transformation is
implemented in the ECC device (see Fig. 2c).
We first measured the two-photon interference fringes
obtained by varying the phases φ2 and φ5. More specif-
ically, we defined the quantities Si (see Methods) which
depend only from the tuning of a single phase, while be-
ing insensitive to possible cross-talks over neighbouring
modes due to heat dispersion. Interference fringes, shown
in Fig. 4a-b, are clearly visible when plotting S1 and S5
(S2 and S4) as a function of φ5 (φ2).
To further characterise the degree of entanglement, we
evaluated the entanglement fraction of systems 1-5 and
2-4 with respect to the ideal one-photon Bell state |ψ+1p〉:
Eij = ij〈ψ+1p| ρij |ψ+1p〉ij , where ρij is the reduced density
matrix for two qubits in positions i and j48. These quan-
tities can be evaluated by measuring the single-photon
probabilities N ′i and two-photon probabilities P
′
ij after
evolution through the second device. Indeed, one can
find that E15 = N ′5−P ′15 and E24 = N ′2−P ′24−P ′23 +P ′34
(See Supplementary Information). The first expression
implies finding a photon in mode 5 and no photons in
mode 1. The second one keeps nonlocal terms from the
mapping from spin excitations to fermions, which in the
case of E15 are factorised into a fixed phase term. By eval-
uating the entanglement fractions from the two-photon
probabilities shown in Fig. 4c we obtain E15 = 0.66±0.03
and E24 = 0.74 ± 0.03. This amounts to an approximate
verification of Eq.(2) and thereby the growth of entan-
glement to a volume law.
CONCLUSIONS AND DISCUSSION
Using integrated photonics we have achieved the first
quantum simulation of the extensive growth of entangle-
ment in a spin chain after a quench. The volume law
for the amount of entanglement between the two halves
of the spin chain after an appropriate time t∗ is veri-
fied. While atomic simulators have the verification of the
above as one of the chief items in their future roadmap10,
the exquisite control of couplings offered by integrated
6photonics has made it already feasible. Moreover, our
methodology of designing the QTC, in particular, a time
discretisation of the dynamics that we exploit, makes it
amenable to alter the chip design to simulate a wide range
of such spin chain dynamics – e.g., time dependent quan-
tum control49, and, if some nonlinearities can be poten-
tially introduced to the waveguides50, then a much wider
range of spin Hamiltonians such as isotropic models. The
ECC, on the other hand, is versatile – it will enable a de-
tection of the entangled outputs from any of the above
range of spin chain dynamics that can be accomplished in
integrated photonics. In the future, scaling to larger spin
chains should also be possible with fully antisymmetric
states of more photons22, for example using additional
degrees of freedom, mimicking more fermions. The en-
tanglement growth we have observed is responsible for
thermalisation in systems that do thermalise, and also
corresponds to the formation of a black hole through the
holographic correspondence. Aside this fundamental in-
terest, the level of control shown by the generation of the
rainbow states with a high entangled fraction, will make
integrated photonics an ideal platform to benchmark and
optimise quantum nano-devices of the future.
METHODS
Devices fabrication technique. In both chips, the QTC
and the ECC, the waveguides are inscribed by fem-
tosecond laser writing in Corning Eagle-2000 borosilicate
glass. We used a femtosecond Yb:KYW cavity-dumped
oscillator at 1030 nm wavelength, emitting pulses with
300 fs duration, and at a 1 MHz repetition rate. The
laser beam was focused through a 50x, 0.6 NA micro-
scope objective lens into the glass substrate, which was
translated by a computer-controlled three-axis Aerotech
FiberGlide 3D series stage, at a velocity of 40 mm/s. In
the QTC the waveguides are inscribed using 220 mW
of laser power at a depth of 170 µm. In the ECC the
power of inscription was slightly lower at 210 mW since
the waveguides were closer to the surface.
QTC characterisation. After fabrication, the circuit
was characterised classically using a diode laser. The
overall performance was verified by collecting the output
power distribution for each individual input and compar-
ing it to the theoretically expected one. The polarisation
response of the chip was identical for both vertical and
horizontal polarisations within 2%, and the similarity
between the theoretically expected and experimentally
measured output distributions were SH = 0.963 ± 0.002
and SV = 0.976± 0.002.
ECC characterisation. Before using the ECC in the ac-
tual quantum experiment, the device was characterised
independently by coupling it to a chip containing bal-
anced directional couplers, thus forming Mach-Zehnder
interferometers. By applying different voltages to the
heating electrodes it was possible to observe the inter-
ference fringes at the output of the corresponding in-
terferometers with visibilities V1−5 = 0.86 ± 0.02 and
V2−4 = 0.94± 0.02 (for an expect value of Vi−j = 1). In
addition, we verified the stability of the thermal tuning
of the phase and we have observed that a constant phase
value could be maintained for a period of 8 hours with a
standard deviation σΦ = |0.03| radians.
Interference fringes measurement. Let us define S1 =
P ′12 + P
′
14, where P
′
ij is the two-photon probability at
the outputs i and j of the second device. Such quan-
tity depends only from the tuning of phase φ5 on mode
5, while being insensitive to possible thermal cross-talks
between the modes. Analogous quantities can be defined
for modes 2, 4 and 5 (S2 = P
′
21 + P
′
25, S4 = P
′
41 + P
′
45
and S5 = P
′
52 + P
′
54). The recorded visibilities were
VS1 = 0.51± 0.05, VS5 = 0.40± 0.03, VS2 = 0.74± 0.03,
and VS4 = 0.82± 0.03.
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DISCRETIZATION OF CONTINUOUS TIME QUANTUM WALKS
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Supplementary Figure 1. Example configuration with 9 sites and 4 time steps. There are also two boundary
sites 0,10. The spatial direction corresponds to the horizontal one while the “time” is the vertical direction.
Light come from top to bottom. Each beam splitter is localized in a site i.
We consider a configuration as in Supplementary Fig.1 and we call | ←〉 and | →〉 the states
moving leftwards or rightwards. The left input of the beam splitter (BS) x is named |x,→〉, while
the right input is named |x,←〉. On the other hand, the right output of BS x becomes the left
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2input of BS x+ 1, namely |x+1,→〉. Similarly, the left output of BS x is |x−1,←〉. In summary,
|in, x,Left〉 = |x,→〉, |in, x,Right〉 = |x,←〉,
|out, x,Left〉 = |x−1,←〉, |out, x,Right〉 = |x+1,→〉. (S1)
Each beam splitter implements the transformation B, defined as B|Right〉 = t′|Left〉 +
r′|Right〉, B|Left〉 = r|Left〉+ t|Right〉, so in general
Bx |x,←〉 = t′x |x−1,←〉+ r′x |x+1,→〉 , Bx |x,→〉 = rx |x−1,←〉+ tx |x+1,→〉 . (S2)
We define the evolution operator U = ⊕xBx generated by the series of beam splitters. This
operator can be split in two terms, U = SC, as in the quantum walk literature, where S =∑
x |x−1〉〈x| ⊗ | ←〉〈← | + |x+1〉〈x| ⊗ | →〉〈→ | is the shift operator, and C is a coin operator
C|x,←〉 = t′x|x,←〉 + rx|x,→〉, C|x,→〉 = r′x|x,←〉 + tx|x,→〉, obtained by reshuffling the beam
splitter operator. By parametrizing each beam splitter operator with its transmissivity Tx = t
2
x
and by defining the angle Θx such that Tx = sin
2 Θx, one can show that the coin operator can be
written as C = exp
[
i
(
pi
2 1 − Θˆ
)
σy
]
, where Θˆ =
∑
x Θˆx|x〉〈x| and where σy is the Pauli matrix
acting on the coin space.
To simplify the theoretical analysis we consider periodic boundary conditions. This does not affect
the generality of the result and, for instance, open boundary conditions can be obtained by adding
an auxiliary BS with zero transmittance, TAux = 0. Then it is possible to define the Fourier basis
|p˜〉 = 1√
N+1
∑
x e
−ip˜x|x〉, p˜ = 2pi pN+1 which diagonalizes the shift operator. Indeed, in terms of the
global momentum operator Pˆ =
∑
p˜|p˜〉〈p˜|, it is S = exp
(
−iPˆ σz
)
. As interference effects can occur
only between even/odd sites, it is convenient to study U2 and since eipi/2σ
y
e−iPˆσ
z
eipi/2σ
y
= −eiPˆσz
and e−iΘˆσ
y
= e−ipi/2σ
z
eiΘˆσ
y
eipi/2σ
z
one obtains
U2 = − exp
(
−iPˆ σz
)
exp
[
−iΘˆσy
]
exp
[
i
(
Pˆ − pi
2
1
)
σz
]
exp
[
iΘˆσy
]
exp
[
i
pi
2
1σz
]
. (S3)
The above exact equation is the starting point for the theoretical approximations leading to the
simulation of continuous time quantum walks.
When Tx = 1 − x, with x  1, the evolution generated by Eq.(S3) in the long-time and long-
distance limit can be approximated by the evolution generated by a Dirac Hamiltonian [S1, S2].
This limit is somehow trivial for the purpose of quantum state transfer. Photons basically move only
in one direction, since the reflectivity is negligible, and there is no complex interference phenomena.
The interesting case arises in the opposite limit Tx  1, namely when the beam splitters have
a low transmittance. In this limit, it has been shown in [S1, S2] that one can simulate a contin-
uous time quantum walk (CTQW) with a discrete time quantum walk (DTQW). However, those
mappings require both 2N effective sites for simulating a CTQW with N sites and also require a
mixture of two types of beam splitters, one type with Tx ≈ 1 and another set with Tx ≈ 0. Here
we use the exact Eq.(S3) to derive a simpler mapping. Using a first order expansion for small Θx
one finds
U2 ' −W exp
(
i2 Hˆ σz
)
W †, W =
1√
2
(
ie−iPˆ −ie−iPˆ
1 1
)
, (S4)
where we have defined the Hamiltonian as 2H = eiPˆ Θˆ + Θˆe−iPˆ +O(Θˆ2). If Θx = jx where  1
then
H ≈ 
2
∑
x
jx |x〉〈x+1|+ h.c. jx ≈ Θx

≈
√
Tx

. (S5)
3Therefore, the effective evolution reads
U(t) ' U t = itW eit Hˆ σz W † . (S6)
showing that a CTQW can be approximated with a discrete time one.
DISCRETE-TIME QUANTUM TRANSPORT
The dynamics of fully engineered chains [S3], where jx =
pi
N+1
√
x(N − x) , x = 1, . . . , N − 1
and N is the length of the chain, generates a perfect mirror of the initial state at the transmission
time 2t∗ = N + 1. Namely, every “walker” initially in position x is perfectly transferred to the
position N − x + 1, after a time t = 2t∗. On the other hand, minimally engineered chains [S4]
require only the engineering of the transmissivity at the boundaries j1 = jN−1 = jopt, jx = 1 for
x = 2, . . . , N −2, but allow only a high-quality (almost perfect) transmission between the two ends.
For large N there is an approximated formula [S4] for the optimal coupling and the transmission
time: jopt = 1.030N
−1/6, while 2t∗ = N + 1 + 2.29N1/3.
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Supplementary Figure 2. Simulation of perfect state transfer with M time steps (M odd).
We first focus on perfect state transfer and we consider its simulation with M discrete time steps.
This requires to set 2t∗/ = M , namely
 =
2t∗
M
=
N + 1
M
. (S7)
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Supplementary Figure 3. Simulation of perfect state transfer with M time steps (M odd).
We consider an initial state in site 1 which is an arbitrary superposition of the two “coin” degrees
of freedom
|init〉 = α|1,→〉+ β|1,←〉 . (S8)
When M  N , after M steps one finds
|final〉 'W eiMHσz W†|init〉 = α|N,→〉+ β|N−2,←〉 . (S9)
Note that, because of the definition (S1), the states |N,→〉 and |N−2,←〉 correspond to the right
and left output of the beam splitter in site N − 1. The derivation presented in this section is a
rigorous proof of the conjecture made in [S2] where the authors numerically observed that with fully
engineered Hamiltonians (i.e. fully engineered coins) even the coin degree of freedom is perfectly
transferred.
The overall scheme is presented in the Supplementary Figs. 2 and 3, both for N even and N
odd. A single step moves the photon from an even site to an odd site, so an even (odd) number of
time steps are required for the transmission when N is odd (even).
As one can see from the Supplementary Figs 2 and 3, N − 1 beam splitters are required, per
line, for implementing a CTQW (basically a spin chain dynamics) of N sites. Two auxiliary sets
5of beam splitters, with TAux = 0, are required for implementing the the open boundary conditions,
though the same result can also be obtained with some mirrors in the auxiliary positions 0 and N .
Theoretical simulation of state transfer with optimal couplings. When minimally engi-
neered systems are considered, only the “right coin” state | →〉 can be transferred. Indeed, because
of the unitary operator W , the left coin state is spread between sites 1 and 2 before the transmission
and, unlike fully engineered models, minimally engineered models are not able to reliably transfer
a state from site 2 to site N − 1. For this reason, we consider only the transmission of the right
coin (green light in the the Supplementary Figs 2 and 3). The transmission quality is measured via
Q =
∣∣〈N,→ |UM |1,→〉∣∣2, (S10)
i.e. the probability that a photon goes from |1,→〉 to |N,→〉 after M steps. The results are shown
in terms of N (horizontal dimension), M (vertical dimension), Tbulk ( transmittance of the beam
splitters in the “bulk” Tx = Tbulk for x = 2, . . . , N − 2), Tends (transmittance of the beam splitters
at the ends Tx = Tends for x = 1, N − 1)
N = 5
M Tbulk Tends Q
6 0.919 0.750 0.886
8 0.673 0.500 0.921
10 0.484 0.345 0.942
12 0.358 0.250 0.956
14 0.273 0.188 0.965
16 0.214 0.146 0.972
18 0.172 0.117 0.977
20 0.141 0.095 0.981
22 0.117 0.079 0.984
N = 6
M Tbulk Tends Q
7 0.916 0.721 0.936
9 0.702 0.503 0.946
11 0.527 0.362 0.953
13 0.403 0.270 0.960
15 0.315 0.208 0.966
17 0.252 0.164 0.971
19 0.205 0.133 0.974
21 0.170 0.110 0.977
23 0.144 0.092 0.980
N = 7
M Tbulk Tends Q
6 0.985 0.934 0.819
8 0.913 0.692 0.960
10 0.723 0.501 0.964
12 0.562 0.371 0.964
14 0.441 0.284 0.966
16 0.352 0.223 0.968
18 0.287 0.179 0.971
20 0.237 0.147 0.973
22 0.199 0.122 0.975
Note that for N = 5 minimally engineered models and fully engineered ones have the same
coupling pattern. In particular, for a fixed transfer time step M , one can evaluate the desired
coupling pattern analytically: Tends = sin
(
2pi
M
)2
, Tbulk = sin
(
pi
M
√
6
)2
.
ENTANGLEMENT GROWTH AFTER A QUENCH
We consider one of the most common quenches in the spin chain literature, namely we focus on
the Hamiltonian
H∆ =
∑
n
jn(σ
x
nσ
x
n+1 + σ
y
nσ
y
n+1 + ∆σ
z
nσ
z
n+1) , (S11)
and we consider the quench from ∆ = ∞ to ∆ = 0. We assume that initially the system is in
the ground state of H∞, namely the Ne´el state | ↓↑↓↑↓↑↓ . . .〉, and then we effectively switch
6off the parameter ∆ so that the system starts to evolve according to the XY Hamiltonian H0.
One can show [S5] that when the couplings jn are engineered for perfect state transfer, then af-
ter half the transfer time, namely after t∗, the initial state | ↓↑↓↑↓↑↓ . . .〉 evolves into the state
|ψ+1,N 〉|ψ+2,N−1〉|ψ+3,N−2〉 · · · , where |ψ+〉 ∝ | ↑↓〉 + | ↓↑〉 and the subscripts index the spins of the
chain. Hence, after half the transmission time, two opposite spins lying at the same distance from
the boundaries become maximally entangled. This corresponds to the creation of N/2 Bell pairs,
namely the maximal amount of pair-wise entanglement.
In view of the Jordan-Wigner transformation, the many-spin anti-ferromagnetic initial state
can be simulated using N/2 photons in an antisymmetric configuration. Each state | ↓〉 or | ↑〉
corresponds respectively to the absence (|0〉) or presence (|1〉) of a photon. We focus on the simplest
case, i.e. when N = 5 and, as a consequence, the number of particles in the initial state for observing
this effect is two. Writing the time evolution explicitly for bosons and fermions one can show that
after half the transmission time
|ψ(0)〉 = a†2 a†4|0〉 −→ |ψ(t∗)〉 ∝

(a†1 − a†5)(a†2 + a†4)|0〉 for Fermions,[
(a†1 − a†5)2 + (a†2 + a†4)2
]
|0〉 for Bosons.
(S12)
Therefore, the resulting interference pattern is completely different: while for bosons the modes are
correlated pairwise (namely mode 1 with mode 5, and mode 2 with mode 4), in the fermionic case
the resulting state corresponds to a delocalized particle in mode 1 and 5, and another in modes 2
and 4. Because of the Jordan-Wigner transformation, the fermionic state in (S12) corresponds to
|ψ+1,5〉|ψ+2,4〉|0〉.
However, imperfections in the evolution limit the amount of entanglement between the sites.
To measure the effective generated entanglement we use the entanglement fraction which, for a
two-qubit state, is defined as Eij = 〈ψ+|ρij |ψ+〉, where ρ is a two-qubit density matrix obtained by
tracing all the sites but i and j. Because of (S12) we focus on E15 and E24. In order to measure these
quantities, we use the entanglement characterisation chip to implement the further transformations
BS15 BS24, as described in the main text, which interfere the distant modes and allow us to measure
entanglement via photodetection in terms of the expectation values
N ′m = 〈a†mam〉 , P ′nm = 〈a†na†maman〉 . (S13)
Indeed, one can show that
E15 = N ′5 − P ′51 , E24 = N ′2 − P ′24 − P ′23 + P ′43 . (S14)
Eqs.(S14) give a practical way of evaluating the simulated entanglement fraction from quantities
that can be measured experimentally.
PHOTON SOURCE CHARACTERISATION
For this experiment, a mode-locked Ti:Sapphire laser with central wavelength of 785 nm, 160
fs pulse width and 76 MHz repetition rate is used as pump. Second harmonic generation (SHG)
in a beta barium borate (BBO) crystal is exploited for conversion into 392.5 nm wavelength. The
generation of single-photon pairs is achieved via Spontaneous Parametric Down Conversion (SPDC)
by sending the converted pulses through a 2 mm-thick BBO crystal. The generated photons are
spectrally filtered by means of interferential filters with 3nm bandwidth, centered at 785 nm. Typical
7detection rates of generated photons were approximately ∼ 120 KHz for singles and ∼ 7 KHz for
pairs. Schematics of the source is shown in Supplementary Fig. 4. The unconverted residual beam
at 785 nm from the SHG is separated through a dichroic mirror and used as simulation beam for
alignment and classical characterisation of the integrated device.
The generated photon state is in the general entangled form |Ψχ2p〉 = |HV 〉+e
ıχ|V H〉√
2
, where the
phase χ depends on the angle of the crystal’s optical axis. Due to birefringence and dispersion effects
in the SPDC BBO crystal, a walk-off compensation between the two polarizations is required for
full indistinguishability. This is done by using a combination of an half-wave plate and a 1mm thick
BBO crystal in each of the two photons’ paths.
A controlled liquid crystal retarder is used in one arm to vary the phase χ, allowing to attain
the required states. Half-wave plates and polarizing beamsplitters at each arm can be inserted
when necessary to perform polarization analysis. The photons are then collected into single-mode
optical fibers mounted on 3-paddle polarization controllers, used to compensate the polarization
due to the bending in the fibers, and sent through delay lines to achieve temporal synchronization
of the photons. Indistinguishability of the photon source is measured by performing an HOM [S6]
interference experiment in a 50/50 beam splitter (BS) after polarization analysis. The obtained
visibilities are V sourceraw = −0.914 ± 0.002 for raw data and V sourcecorr = −0.95 ± 0.01 corrected for
accidental counts (see Supplementary Fig 5a). Similar interference measurements have been per-
formed for the two entangled states |Ψ+2p〉 and |Ψ−2p〉 to characterize the quality of the generated
entangled. The observed visibilities where VBraw = −0.880 ± 0.002 and VFraw = 0.90 ± 0.01 for raw
measurements, and VBcorr = −0.957± 0.002 and VFcorr = 0.97± 0.01 corrected for accidental counts
(see Supplementary Fig 5b).
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Supplementary Figure 4. Visual schematics of the single-photon source used for the experiment. BBO: beta
barium borate crystal used for parametric down conversion; LC: liquid crystal for entanglement phase χ control;
HWP & 1/2 BBO: half-waveplate and half beta barium borate crystal for walk-off compensation; PC: polarization
compensation. The polarization analysis is comprised of half-waveplate and polarizing beam splitter. The delay line
is used to temporally synchronize the photon and couple them into the single mode fiber array.
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Supplementary Figure 5. a. Hong-Ou-Mandel interference scan over 600 µm of two indistinguishable photons. b.
Hong-Ou-Mandel interference dip for state |Ψ+2p〉 (green) and peak for state |Ψ−2p〉 (orange).
CHARACTERISATION OF THE QTC DEVICE
The generated photons are coupled into the integrated device using a single-mode fiber array, and
collected after evolution through the interferometer using a multimode fiber array which sends the
photons to Single Photon Avalanche Photodiodes (SPADs). Both input and output fiber arrays are
mounted on roto-translational stages. The alignment is performed using the unconverted residual
from the SHG. Overall transmission efficiency from delay lines to the photodetectors with the first
chip is approximately 12%, which includes transmission losses inside the chip and coupling losses at
the three interfaces between delay line, input fiber array, chip and output fiber array. The phase χ
of the entangled state is set by exploiting HOM interference for the output bunching contributions.
This is obtained by inserting an additional in-fiber BS at output mode 1 and by measuring the
output two-fold coincidences. By maximizing the coincidence rate we have a symmetric (bosonic)
state |Ψ+2p〉 and by minimizing it we have an anti-symmetric (fermionic) state |Ψ−2p〉.
Photon pairs are sent into the device to simulate bosonic and fermionic transport in the lattice,
respectively exploiting the symmetric and anti-symmetric nature of the Bell states |Ψ+2p〉 and |Ψ−2p〉.
The simulation of the transport of a spin state in a 1D chain, initially in a Ne´el’s state | ↓↑↓↑↓〉,
is obtained by injecting the |Ψ−2p〉 state in input 2 and 4. Switching from one state to the other is
achieved by changing the phase χ with the liquid crystal retarder. Detection of output states in
which two photons are in the same spatial mode is obtained by inserting an in-fiber 50/50 beam
splitter to the chip’s output.
Tomography of the QTC device. The reconstruction of the unitary matrix which describes
the actual interferometer corresponds to retrieving the values of its elements (moduli and complex
phases). Unitary’s moduli are sufficient to describe single-particle and classical behavior, while
phase terms are crucial for two-particle interference. The unitary matrix is experimentally recon-
structed by measuring the single-photon output distributions (or the equivalent power splitting
ratios with classical light) for all inputs and two photon interference for several pairs of inputs
[S7, S8]. More specifically, we measured the power splitting ratios with classical light and two-
photon Hong-Ou-Mandel visibilities for 6 different input states for both polarizations H and V (see
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Supplementary Figure 6. Power-splitting ratios with classical light (a-c) and two-photon interference dips
and peaks visibilities (d-f) results: a-d calculations from the theoretical unitary U , b-e experimental results
with horizontal polarization and c-f experimental results with vertical polarization. Lighter regions are 1σ
experimental errors.
Supplementary Fig. 6). Characterisation of the device is performed starting from the chip struc-
ture of Fig. 1b and by assuming unknown values for all the fabrication parameters (directional
couplers trasmittivities and phases between the modes). The value of the parameters are obtained
by minimizing a suitable χ-square function, while errors in the reconstruction are retrieved with a
Monte Carlo simulation starting from the experimental power-splitting ratios and two-photon data
[S8].
The obtained fidelities for the two polarizations with respect to the theoretical model are FH =
0.962±0.001 and FV = 0.977±0.002. The polarization insensitivity of the device is confirmed by the
results for the fidelity between the reconstructed unitary in H and V polarization of FH/VReco = 0.99±
0.01 (see Supplementary Fig. 7). Experimental single- and two-photon distributions, measured in
both polarizations H and V, further confirm the polarization insensitivity (see Supplementary Fig.
8).
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Supplementary Figure 7. Real and imaginary terms for a-d theoretical unitary matrix, b-e reconstructed
unitary matrix for horizontal polarization, and c-f reconstructed unitary matrix for vertical polarization.
MODELING THE EVOLUTION WITH THE RECONSTRUCTED UNITARY
TRANSFORMATION
Here we briefly discuss how to model the evolution of a polarization entangled state through the
quantum transport interferometer. We consider the evolution of an entangled pair through a unitary
operator Upi, which in this case presents a small difference for the two orthogonal polarizations.
The action of Upi on the field operator before (a†j,pi) and after (b
†
i,pi) the evolution, where pi = H,V
labels the polarization state, is expressed by a†j,pi =
∑
i U
pi
jib
†
i,pi. The input state of the process is a
two-photon entangled pair in the |Ψ±2p〉i,j Bell state, where the photons are injected in input ports
i and j:
|Ψ±2p〉i,j =
1√
2
(|H〉i|V 〉i ± |V 〉i|H〉j) = 1√
2
(a†i,Ha
†
j,V ± a†i,V a†j,H)|0〉. (S15)
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Supplementary Figure 8. a-b. Experimental single-photon couplings for input 2 and 4 and two photon
unitary transformation, both indistinguishable and distinguishable, for polarization H and V . c-d. Nu-
merical prediction from experimentally reconstructed unitary transformation of single-photon probabilities
for input 2 and 4 and two-photon interference, both indistinguishable and distinguishable, distribution for
polarization H and V . Both single- and two-photon distributions show the polarization insensitivity of the
device.
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The state after the evolution can be written as:
|Ψ±2p〉i,j Upi→
1√
2
[(∑
m
UHi,mb
†
m,H
)(∑
n
UVj,nb
†
n,V
)
±
(∑
n
UVi,nb
†
n,V
)(∑
m
UHj,mb
†
m,H
)]
|0〉 =
=
1√
2
[∑
m,n
(
UHi,mU
V
j,n ± UHj,mUVi,n
)
b†m,Hb
†
n,V
]
|0〉.
(S16)
The transition amplitudes from input state |Ψ±2p〉i,j to the output configurations |rH, sV 〉 and
|rV, sH〉 for r 6= s are respectively:
〈rH, sV |U |Ψ±2p〉i,j =
1√
2
(
UHi,rU
V
j,s ± UHj,rUVi,s
)
(S17)
〈sH, rV |U |Ψ±2p〉i,j =
1√
2
(
UHi,sU
V
j,r ± UHj,sUVi,r
)
(S19)
where the ± signs in the transition amplitudes depend on the symmetry of the input entangled
state. We can define the submatrices U i,jr,l of U
H and UV as:
U i,jr,s =
(
UHi,r U
H
j,r
UVi,s U
V
j,s
)
. (S20)
If the input state is in the singlet anti-symmetric state |Ψ−2p〉i,j , the probability of obtaining a
photon on modes r and s can be expressed as:
Prob(r, s|Ψ−i,j) =
1
2
[∣∣det (U i,jr,s)∣∣2 + ∣∣det (U i,js,r)∣∣2] , (S21)
Prob(r, r|Ψ−i,j) =
1
2
∣∣det (U i,jr,r)∣∣2 (S23)
thus depending on the determinants of the submatrices U i,jr,s . Conversely, if the input state is
symmetric |Ψ+2p〉i,j we obtain:
Prob(r, s|Ψ−i,j) =
1
2
[∣∣per (U i,jr,s)∣∣2 + ∣∣per (U i,js,r)∣∣2] , (S24)
Prob(r, r|Ψ−i,j) =
1
2
∣∣per (U i,jr,r)∣∣2 (S26)
thus depending on permanents of the submatrices U i,jr,s .
CHARACTERISATION OF THE ECC DEVICE
For an ideal fermionic quantum spin transport, the target state would be of the form |ψideal〉 =
|ψ+1p〉24|ψ+1p〉15|0〉3. Our device is a finite engineered chain and the generated the state is |ψout〉 =
(α|10〉15 + β|01〉15)(γ|10〉24 + δ|01〉24)|0〉3, where the terms α, β, γ and δ define an unbalancement
due to the approximation of the perfect state.
The coherence between the path entangled states is studied using the second device, comprised
of integrated beam splitters and thermal phase shifters. In particular, with suitable phases before
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the two beam-splitters, the target state would result in a photon in output mode 2 and a photon in
output mode 5. The phase χ of the liquid crystal for the injection of a singlet |Ψ−2p〉 state is set by
measuring the physical quantity (P ′12 + P
′
14 + P
′
25 + P
′
45)− (P ′24 + P ′15) at the output of the second
device, where P ′ij is the coincidence probability at modes i and j. Such quantity is maximized for
input state |Ψ−2p〉 and minimized for input state |Ψ+2p〉.
The phase shifters in the second device are actively controlled via thermal resistors. Each thermal
resistor is connected to an external power supply with independent voltage channel control and the
applied voltage ranges between 0 V to 7 V, in which a full 2pi oscillation period is seen. Overall
transmission efficiency from delay lines to the photodetectors is approximately 0.6%, which includes
transmission losses inside the two chips and coupling losses at the four interfaces between delay line,
input fiber array, first chip, second chip and output fiber array. Coincidence rates for all outputs
are measured by singularly tuning the applied phase shift from each thermal resistors, showing
a 2pi oscillation within ∼ 0.8 W dissipated power. When evaluating the expected curves for the
quantities S1 and S5 as a function of φ5, losses corresponding to an additional efficiency η5 = 0.36
is considered for mode 5 at the interface between the two devices. This quantity is retrieved from
characterisation with classical light. Each experimental distribution is compared to its theoretical
prediction though the measurement of the similarity, which is defined in terms of all contributions
of the correlation function
SB(F) =
(∑
ij
√
Γ
B(F)
ij Γ˜
B(F)
ij
)2
(∑
ij Γ
B(F)
ij
∑
ij Γ˜
B(F)
ij
) . (S27)
where the Γ˜ij and Γij are experimental and theoretical correlation function for mode i and j for
bosons (B) and fermions (F).
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Supplementary Figure 9. Photograph of the experimental setup. From the left: input single-mode fiber
array, chip with quantum transport device, chip with thermal resistor and entanglement check device,
output multi-mode fiber array.
